Abstract-Dielectric barrier discharge (DBD) plasma actuator requires an operating voltage of several kilovolts. However, during the experiment, charge accumulated on the surface of the DBD plasma actuator can reduce the electric field at the location of a microdischarge and result in current termination. This study aims to investigate the maximum voltage the actuators can withstand before the electrical breakdown happens, by varying a number of parameters include the gapping designs and dielectric thicknesses. Besides, the required threshold voltage before the microdischarges can be generated is also described in this study.
I. INTRODUCTION
Since decades, plasma science is a field of growing interest. Plasma, which defines the ionized state of gases, has become increasingly important for various industrial applications [1] . The device in-used, plasma actuator is named after its ability to establish the electric wind or ionic flow. There are two mostused actuators, namely corona discharge plasma actuator and dielectric barrier discharge (DBD) plasma actuator [2] . The latter design will be analysed in this study.
Dielectric barrier discharge (DBD), which also known as surface DBD (SDBD) has been widely used for the industrial applications and aerodynamic flow control [3, 4] . It is a nonthermal discharge under atmospheric pressure that can generate UV emission and low-temperature plasma in the air. The discharge is performed at the surface of a dielectric layer between several electrodes mounted flush at both sides in an asymmetric configuration. The experimental layout and essential connections is shown in Fig. 1 . The DBD proceeds in most gases or atmospheric air through a large number of separate current filaments referred to as microdischarges. Microdischarges have complex dynamic structure and are formed by channel streamers that repeatedly strike at the same place as the polarity of the applied voltage changes, appearing to the eye as bright filaments [5] . Charge accumulated on the surface of the dielectric barrier reduces the electric field at the location of a microdischarge, resulting in current termination within tens of nanoseconds after breakdown.
The plasma can be generated by exciting the anode of the plasma actuator with a high AC voltage while the cathode is grounded [6] . However, there exists a threshold voltage before the plasma can be produced from the plasma actuator [7] . This ignition voltage, or known as plasma on voltage (POV), for a plasma actuator varies accordingly to the dielectric thickness. It is mentioned that the required POV was 5.4 kV for a 0.8-mm thick PCB-based actuator [8] . Besides, reports of [9] revealed that the total plasma power of an actuator was equal to the power loss by dielectric heating before the initiation of the plasma. It was also mentioned that the POV for a quartz-based actuator was 2.5 kV at a thickness of 1 mm [9] . In other words, one should supply a sufficient high voltage in order to produce a non-zero net plasma power to the plasma actuator. Thus, this study targets to investigate the electrical performances of the plasma actuator, in relation to the minimum required plasma ignition voltage (POV) and the maximum withstand voltage (V MAX ).
II. EXPERIMENTAL APPARATUS
In this study, the desired high voltage was supplied by a high voltage power amplifier (TREK Model 30/20A) driven by a function generator (GW INSTEK Model GFG-8020H). The digital function generator can supply the voltage V= ± 0-10V and provide frequency in a range from 0.2 Hz to 2 MHz. Besides, the high voltage power amplifier has a fixed gain of 3000 V/V and is capable of providing precise control of output voltage V in the range from 0 to ±30 kV peak AC with an output current range of 0 to ±20 mA peak AC. This amplifier was connected to the top actuator (as anode) of the plasma actuator. A schematic diagram of the experimental layout and essential connections is demonstrated by Fig. 1 .
III. PLASMA ACTUATOR PANEL DESIGN
The plasma actuator panel under tested consists of two identical copper actuators (top and bottom) with an intermediate dielectric layer, as shown in Fig. 2 , built under standard printed circuit board (PCB) fabrication process. The dielectric layer, made of PCB materials, built the final size of the plasma actuator panel in a dimension of 110 140 mm 2 .
Fig. 2. Views of the plasma actuator (dimension in mm)
Both actuators were similarly formed by thin copper electrodes which were inter-connected to each another with a thin copper strip. This copper strip is able to activate all the electrodes when delivered by the high voltage. Symbols and denote the electrode width and electrode spacing respectively. Besides, width of the actuator was represented by W P . Each of the electrodes has a length of 80 mm. The length of the actuators is 90 mm, whereas the width will vary in the experiment. The number of electrodes is denoted by n. 
The available free surface area excludes the areas for electrode gaps and copper electrodes. The approximation on the available surface areas can be made by deducting the copper electrodes and the potential discharge areas from the dielectric layer. The areas are measured only for the top surface.
IV. PARAMETRIC STUDY
The relationship of voltage and frequency applied to the DBD plasma actuator was investigated. The operating frequency was in the range of 0.5 to 5.0 kHz. It is apparent in Fig. 4 that the maximum withstand voltage V MAX of the plasma actuator is an inversely proportional function to the operating frequency. This implies the plasma actuator can sustain higher applied voltage with decreasing frequency and thus allow a higher magnitude of EHD force to exist. This phenomenon can possibly be owed to the fact that discharge operation period is longer at low frequency, giving more time for the space charge to be relaxed before the electrical limit is reached. The parametric evaluations on the electrical limit were then carried out. Each of the independent parameters was characterized one by one and summarized as the followings:
i. Electrode gap (-2
A. Electrode Gap
The evaluations on various electrode gap designs are discussed in this section. There are three designs, namely the overlapping gap (with minus signs in the graph), gapless and variable gap designs. The operating frequency was set in the range of 0.5 -0.9 kHz in order to separate the positive and the negative half cycles. The evaluated results are shown in Fig. 5.   B B B represent the left margin of top actuator, right margin of top actuator, left margin of bottom actuator and right margin of bottom actuator, from the edges of dielectric sheet, correspondingly. Generally, there are some requirements or designing rules that the DBD plasma actuator designation must fulfil in this study:
The maximum withstand voltage, V MAX changes constantly when operating under frequencies in the range of 0.8 to 0.9 kHz. When the plasma actuator is being operated at lower frequencies, V MAX can achieve its highest point for the overlap 2-mm design and the lowest for the 4-mm gap design. The charge build-up rises when both the voltage and frequency increased. The filaments appear at different points on the actuator surface and form the space charge. Another electric field, which flows in an opposite direction to the power source is formed. When the generated space charge is not relaxed but instead accumulated, the discharge operation can become unstable. Therefore, in order to withstand a higher applied voltage before reaching the electrical limit, the plasma actuators must have a large free surface area to relax the generated space charge. This area, denoted as , excludes the areas for electrode gaps and copper electrodes.
Owing to the larger free surface areas, the overlap and gapless design plasma actuators without the electrode gaps can sustain a higher V MAX if compared to the variable gap designs, as shown in Fig. 5 . Therefore, it can be concluded that V MAX increases with the growth of the available free areas, as summarized in Table 1 . In most cases, the 3-mm gap design plasma actuator has a similar discharge phenomenon as the 5-mm gap design because of the identical electrode gap arrangement and comparable total free areas. Nevertheless, the 3-mm design has eight electrode gaps but the 5-mm design has only seven gaps, thus cause the difference in the available free areas as tabulated in Table 1 . This may due to the fact that the plasma operation will only take place in a smaller electrode gap.
B. Total Electrodes and Electrode Width
The plasma can only be generated when the applied voltage higher than the POV. Plasma actuator used in this section is in a thickness of 0.9 mm and a POV of 5.1 kV is required, as determined in our previous experiment. The first evaluation made was to study the relationship between the maximum withstand voltage and the total electrodes of an actuator. It is obviously that V MAX is a monotone decreasing function to the total number of electrodes under every evaluated operating frequency as shown in Fig. 6 . The similar phenomenon can also be found when V MAX was plotted over the electrode width ranging from 1 to 4 mm, as illustrated in Fig. 7 . From these two figures, one can detect that V MAX does not significant vary for the changes in electrodes amount and width when the voltage level is lower than the required POV of 5.1 kV. The results imply that the discharge operation cannot be initiated thoroughly at the low applied voltage. The finding is verified by the observations on the plasma actuators with thickness of 1.1, 1.3 and 1.5 mm respectively (not in figures). In the experiments, V MAX remains as the same decreasing function and has a dramatically change soon after the POV levels, i.e. 5.7, 6.6 and 7.7 kV respectively for plasma actuator in various thicknesses, are reached.
A particular plasma actuator can tolerate higher magnitude of V MAX when it has larger available free surface areas. The maximum withstand voltage V MAX decreases with the growths of electrodes amount and electrode width, as observed in Figs. 6 and 7. This may due to the fact that the growths had limited the free surface areas available on the plasma actuators. The calculated results are summarized in Tables 2 and 3. 
C. Dielectric Thickness and Constant
Plasma actuators with same geometry (including the available free surface areas) but at various thicknesses i.e. 0.9, 1.1, 1.3 and 1.5 mm were tested. It is worth to notice that V MAX does not change under high frequencies, e.g. 4 and 5 kHz in Fig. 8 . It varies slightly at frequency of 3 kHz. Changes in V MAX can only be considerably noticed when plasma actuators were operated under the relatively low frequencies, i.e. 1 kHz. The relationship between V MAX and dielectric constant r is shown in Fig. 9 . A pair of plasma actuators, which at the same thickness but made of different PCB materials, i.e. Isola FR-370HR and Isola FR-408 were evaluated and compared in this section. The variants in dielectric constant do not noticeably affect V MAX when drove under high frequencies. It is because the larger magnitude of the operating frequency had limited the voltage growth. As long as the supplied voltage is lower than the ignition voltage POV, the plasma actuators may undergo an unionized stage. The surface discharges are unable to exist and the particular plasma actuator cannot serve its purpose to generate plasma for industrial applications. Therefore, the plasma actuators must be supplied with a voltage more than the required POV, in order to generate the charged plasmas.
V. CONCLUSION
The electrical performances of the plasma actuator were evaluated. The electrical limit measures the maximum applied voltage that the plasma actuator can withstand before experiencing the instability phenomenon. The tested parameters include the electrode gap, electrode width, total electrodes, dielectric thickness and the dielectric constant.
The electrical limit evaluation reveals that plasma actuators with larger free surface areas can withstand a higher magnitude of maximum withstand voltage V MAX . Therefore, V MAX decreases with the growths of electrode gap, electrode amount and electrode width. On the other hand, V MAX increases with the dielectric thickness and dielectric constant. The authors suggest that the plasma operation should be performed at a lower frequency of 0.5 kHz in order to allow the plasma actuator to tolerate more applied voltage. The voltage changes of plasma actuators can be easily detected when operated under the low frequency. Besides, the supplied voltage to the plasma actuators should be higher than the required POV, as to allow the surface discharge and plasma to be generated. Hence as a brief summary, apart from POV, the operating frequency is also one of the dominant factors to affect the electrical performance of plasma actuators.
